GlcV is the nucleotide binding domain of the ABC type glucose transporter of the hyperthermoacidophile Sulfolobus solfataricus. Structurally, GlcV is a two domain protein with an N-terminal nucleotide binding domain and a C-terminal β-barrel domain with unknown function.
Introduction
ATP-binding cassette (ABC) transporters drive the transport of substrates across the membrane by the hydrolysis of ATP (4). ABC transporters have a conserved domain structure, with two membrane-spanning domains that form the transport channel and two cytosolic nucleotide binding domains (NBDs) that energize the transport via the hydrolysis of ATP. The NBD is the most conserved domain of ABC transporters, and it comprises a number of highly conserved amino acid sequences that are involved in the binding and hydrolysis of nucleotides such as the Walker A and B motifs (2), the Q-, D-loops (149) and the H-loops (219) and the ABC signature motif (220).
The crystal structures of ABC ATPases (13; 147; [149] [150] [151] [152] 208; [219] [220] [221] [222] showed a typical fold which consists of two subdomains, named ABCα/β and ABCα respectively. The ABCα/β subdomain consists of central β-sheets which are flanked by α-helices. This subdomain contains the Walker A and B motifs and is found also in proteins involved in cellular functions such as double strand DNA repair (Rad50) (149), DNA mismatch repair (MutS) (223) and chromosome condensation (SMC) (224;225) . The ABCα domain is an insertion of 70 residues between the β6 and β7 strands of the ABCα/β subdomain, and contains mainly α-helices and the highly conserved ABC signature motif and Q-loop. While the Walker A and B motifs are common for P-loop nucleotide triphosphate binding proteins and involved in the coordination of ATP and Mg 2+ , the Q-, D-and H-loops and ABC signature motifs are unique features of ABC ATPases. The highly conserved residues of the C-loop motif participates in the binding and hydrolysis of ATP (27; 149; 208; 221) and mutants thereof were defective in ATP-hydrolysis while retaining the ability to bind ATP (221; 222) .
Mutagenesis of the glutamine, the histidine and the aspartate in the Q-, H-and D-loops, respectively, results in defective transport (2;27;150;161;166;222;226) .
Crystal structures of the monomeric NBDs showed that the C-loop motif is far away from the nucleotide binding domain. On the other hand, the structure of the ATPase domain of Rad50 in complex with ATP showed a head-to-tail organization of two monomers (149) . In this dimer, the nucleotide is sandwiched between the Walker A and B domains of one monomer and ABC signature motif of the other monomer. Such ATP-induced dimerization was further demonstrated for several NBDs of ABC transporters which formed a stable ATP induced NBD dimer after mutation of the putative catalytic glutamate adjacent to the Walker B motif (27; 158; 198) , or the histidine of the H-loop (205) or for wild-type Escherichia coli MalK (154) . Sequence alignment of bacterial and archaeal ABC ATPases revealed that some of these transporters harbor an additional C-terminal extension of about 130 residues. This extension is also found in many binding proteindependent ABC transporters that mediate for the uptake of solutes like maltose or glucose. The Cterminal extension of the MalK NBDs of the E. coli and S. typhimurium maltose transporters interacts with MalT, a transcriptional activator of the mal operon (156). In the absence of maltose,
Stuctural stability and domain organization
MalT binds to MalK, whereas in the presence of maltose, MalT is released whereupon it activates transcription of the mal operon.
Sequence alignment (25 % of sequence identity) and crystal structure comparison indicates that GlcV, the ABC ATPase of the glucose transporter from S. solfataricus, has a similar domain organization as MalK of E. coli and T. litoralis. The N-terminal domain of GlcV consists of about 225 residues with a typical fold of ABC ATPases. The protein contains an additional 125 residue at its C-terminus, forming a β-barrel shaped structure very similar to the regulatory domain of T. litoralis. However, the additional α-helix in between β13 and β14 of the E. coli and T. litoralis βbarrel, is replaced by a loop region only in GlcV. The structural similarity also involves the linker region between the N-and C-terminal domains. Despite the high structural and sequence similarity between the C-terminal domain of MalK and GlcV, a regulatory function of this region in the S.
solfataricus GlcV remains to be shown.
To further investigate the structural aspects of GlcV and its interaction with nucleotides, we have employed Differential Scanning Calorimetry to study the unfolding of the isolated ABC ATPase. Herein, we compared the unfolding characteristics of the wild type enzyme with that of two mutants that are defected for ATP hydrolysis. The data demonstrate that the nucleotide binding domain of GlcV thermodynamically behaves like a single domain protein that is stabilized by nucleotides.
Results

Differential scanning calorimetry of GlcV reveals the presence of a single unfolding transition
Differential Scanning Calorimetry (DSC) is a powerful technique to study the thermodynamics of protein unfolding and the effects of substrate-enzyme interactions on protein stability. DSC experiments were performed with purified GlcV, the nucleotide binding domain of the glucose transporter of S. solfataricus. S. solfataricus is a hyperthermoacidophile that grows optimal at 85 °C and pH 2.5. Therefore, its proteins are highly thermostable and thus especially suitable for DSC analysis. The DSC profile of wild-type (wt) GlcV showed a single endothermic transition that was followed by aggregation of the protein (Fig. 1A ). Both the unfolding and precipitation of the protein were irreversible as the transition was lost upon cooling of the sample and subsequent re-scanning (data not shown). The transition midpoint (T m ) for nucleotide free wt
GlcV was 72 ± 0.5 °C and remained unchanged in the presence of EDTA (Table 1) or MgCl 2 (Table 2 ). In an EDTA containing buffer, nucleotide binding resulted in an increase in the T m compared to nucleotide free wt GlcV (Fig. 1A) . In the presence of ATP or ADP, the increase was about 5.5-6 °C, with a slightly higher up-shift for ADP, while the non-hydrolyzing ATP analogue AMP-PNP caused only a minor up-shift (Table 1 ). This demonstrated that the nucleotides stabilize Chapter 4 the NBD in the order ADP > ATP > AMP-PNP. In the presence of nucleotides, addition of MgCl 2 resulted in a further increase of the stability (Fig. 1B ). This stabilizing effect was most pronounced with ATP-Mg 2+ or ADP-Mg 2+ yielding similar thermograms with an increase in the T m of more than 10 °C as compared to the nucleotide free wt GlcV. Again, addition of AMP-PNP-Mg 2+ caused only a minor up-shift (Table 2 ). Since addition of Mg 2+ alone did not increase the stability of the protein, the stabilizing effect of Mg 2+ seems to occur via interactions with the nucleotide. The unfolding of the nucleotide free wt GlcV was fitted with a non-two-state model (Table 3) . Unfortunately, the data of nucleotidebound GlcV could not be fitted since unfolding was immediately followed by the precipitation of the protein. The fit of the unfolding of nucleotide free GlcV yielded an enthalpy of unfolding (∆H cal ) and a van't Hoff energy (∆H vH ) of 97 and 222 kcal/mol, respectively. Thus the ratio between ∆H and ∆H vH was close to 0.5 (Table 3) . A ratio of 0.5 generally indicates that the protein undergoes structural changes -like dimerization -that change the molar ratio of the active species.
In this experiment, however, the absence of nucleotides excludes this possibility. Alternatively, this ratio may indicate that only part of the protein is unfolded under the conditions employed. As the T m shows a strong nucleotide dependence, the transition probably corresponds to the unfolding of the NBD while the unfolding of the C-terminal domain does not appear as a separate transition. The unfolding of the C-terminal domain remains undetected caused by a higher thermostability with a T m for unfolding above the precipitation temperature. Structurally, GlcV is a two domain protein but by DSC only unfolding of the NBD can be observed.
Stuctural stability and domain organization
The G144A mutation does not effect thermal unfolding of GlcV In a next step, the effects of mutations which block the nucleotide binding domain in a specific step of the ATP hydrolysis cycle were studied. First, a mutation of the second glycine in the ABC signature motif was studied. This mutation does not interfere with nucleotide binding but radically reduces ATP hydrolysis and dimerization in the presence of ATP-Mg 2+ (27) (Chapter 3).
The DSC profile of G144A GlcV was essentially indistinguishable from that of wt GlcV ( Fig. 2A and B). Again, unfolding occurred with a single endothermic transition both in the presence and absence of nucleotides, at similar transition temperatures as observed for the wt GlcV. In the presence of Mg 2+ , ADP and ATP both the wt and the G144A GlcV showed similar thermograms. In case of the wt GlcV, this results from the hydrolysis of the total ATP to ADP. The G144A GlcV mutant is radically defective in ATP hydrolysis although a low level of residual hydrolysis cannot be totally excluded. The long term incubation close to optimal temperature during DSC experiment may trigger a slow ATP hydrolysis by the G144A GlcV. The appearance of similar transition patterns for these two proteins therefore suggests that a similar strong protein-nucleotide interaction occurs that is stabilized by the presence of Mg 2+ during ATP hydrolysis. The enthalpy of unfolding (∆H cal ) and the van't Hoff energy (∆H vH ) were calculated to be 98 and 238 kcal/mol, respectively.
Thus the ratio between ∆H and ∆H vH was again close to 0.5 (Table 3 ). This indicates that the G144A mutation does not affect the thermal unfolding characteristics of GlcV.
Chapter 4
Thermal unfolding of the E166A GlcV mutant occurs through two transitions.
Replacement of the putative catalytic base, e.g. the glutamate residue adjacent to the Walker B motif to an alanine results in a strong reduction of the ATPase activity of GlcV. With this mutant, the formation of an ATP dependent stable dimer can be observed by gel filtration (27) . Remarkably, DSC of E166A GlcV showed two endothermic transitions under all conditions tested. In the absence of nucleotide, the first T m (T m1 ) closely resembled the T m of the wt and the G144A mutant, whereas the second transition (T m2 ) occurs at a temperature that is about 4 °C higher. Both transitions were found to be irreversible (data not shown). In the presence of ATP or ADP and EDTA ( Fig. 2 C) , T m1 was up-shifted by 5-7 °C and thus essentially comparable to the T m of the wild-type protein. T m2 was also up-shifted but by 9-11 °C compared to the nucleotide free wt GlcV (Table 1) . The presence of AMP-PNP only slightly influenced the protein stability. The largest increase in T m was observed in the presence ATP-Mg 2+ or ADP-Mg 2+ (Fig. 2D) . Under these conditions, T m1 only increased by 7 °C, while the up-shift of T m,2 was more than 11 °C as compared to the nucleotide-free protein (Table 2) . Again, the presence of AMP-PNP-Mg 2+ induced only a small increase in the T m values. Since the presence of the two transitions with GlcV E166A was also observed in the nucleotide-free state, this phenomenon can not be associated with dimerization of GlcV. Therefore, we concluded that two subdomains which unfold at a similar temperature in wt and G144A GlcV, unfold separately in the E166A mutant. Remarkably, addition of nucleotides results in an up-shift of both T m1 and T m2 demonstrating the nucleotide binding affects the stability of both subdomains.
Stuctural stability and domain organization
To further investigate the structural basis of the two transitions of the GlcV E166A mutant, the previously characterized E166Q mutant (27) was also studied by DSC. Whereas substitution of the glutamate by an alanine results in formation of an empty pocket, substitution by a glutamine only replaces a hydroxyl-group by an amino-group. As shown previously, mutation of the glutamate to glutamine resulted in an 80 % reduction of the ATPase activity of GlcV and the stable formation of the dimer (27). DSC of the nucleotide-free E166Q GlcV mutant again showed two transitions ( Fig. 2E and F) . Importantly, under all conditions tested, the protein showed a dominant first T m which is at a similar temperature as T m1 of the E166A mutant. Remarkably, the observed second transition was much smaller than observed for E166A GlcV (Fig. 2C and D) . 150;170;198;222) , and in the crystal structure of GlcV, the hydroxyl group interacts with the coordinating water molecule. Apparently this interaction destabilizes the subdomain. It was recently proposed that this glutamate together with the histidine of the H-loop forms a catalytic dyad for ATP hydrolysis. The histidine was suggested to acts as a 'linchpin', holding together a complicated network of interactions between ATP, water molecules, Mg 2+ , and amino acids both in Chapter 4 cis and trans, necessary for intermonomer communication (205) . Possibly mutagenesis of E166 affects this network, and therefore its mutation influences the stability of the ABCα/β and ABCα subdomains.
Proteolytic cleavage and 8-azido ATP photoaffinity labeling of wild-type and mutant GlcV proteins.
In order to study the domain structure of GlcV in more detail, the enzyme was subjected to proteolytic cleavage by trypsin. GlcV was cleaved into two fragments with apparent sizes of 26 (Frag. 1) and 9 kDa (Frag. 2) on a coomassie stained SDS-PAGE, respectively (see Fig. 4 A, B , C lane 1). To remove uncleaved GlcV, samples were also applied to a gel filtration column. However, both the cleaved and intact GlcV eluted at identical positions, suggesting that the fragments remain associated (data not shown). Analysis of the proteolytic fragments by MALDI-TOF mass spectrometry showed that GlcV was cleaved at lysine residues at positions 83 and 126 resulting in the formation of peptide fragments of 9 and 26 kDa. These positions are indeed exposed in the crystal structure of GlcV (Fig. 3) . 3). This is most likely caused by the lack of a trypsin cleavage sites in this region, while the cleavage probability of the site closest to the linker region (Lysine 224) is predicted to be negatively influenced by the proline at position 223 (227).
Comparison of the nucleotide-free and nucleotide-bound structures of GlcV revealed a reorientation of the ABCα subdomain and the C-terminal domain relative to the ABCα/β subdomain, and switch-like rearrangements in the P-loop and Q-loop regions (13). To determine if the tryptic pattern is affected by the nucleotide bound state of the protein, proteolysis was performed in the absence and presence of the different nucleotides for wt GlcV and the G144A and E166A mutants.
Remarkably, both the nucleotide-free and ADP-Mg 2+ -bound wt GlcV exhibited a higher resistance to trypsin digestion than the ATP-Mg 2+ and AMP-PNP-Mg 2+ bound forms (Fig. 4) . The fragmentation pattern was, however, similar to that of the nucleotide free wt GlcV. This suggests that a conformational change occurs upon binding of ATP or AMP-PNP but not with ADP. The crystal structures of GlcV in the presence of ADP and AMP-PNP are, however, very similar and only differ in the structure of the Q-loop. In contrast to the nucleotide-free structure, the Q loop is not disordered in the nucleotide bound structures. The trypsin sensitivity, however, Chapter 4 correlates with the observations made with other ABC transporters where ATP binding causes large conformational changes including a rigid body movement of lobe I toward lobe II (151;152). The overall proteolytic pattern of the two mutants (G144A and E166A) was similar to that of the wt both in the presence and absence nucleotide, except that, the G144A mutant appeared to be more prone to proteolysis. From these data it appears that the ATP dependent dimer formation of the E166A GlcV does not result in an altered proteolysis pattern.
Next, binding experiments were performed with the photoactivatable nucleotide analogue 8azido ATP. Due to the covalent coupling, nucleotide binding to the various proteolytic fragments can be detected. Purified wt and G144A and E166A GlcV showed a similar binding and photocrosslinking to 8-azido-ATP (Fig. 5.) . After trypsin treatment, nucleotide binding to wt GlcV produced several labeled fragments. The two most dominant fragments are identical to the trypsin digested and mass spectrometry identified fragments described above. The smaller dominant labeled ~9 kDa N-terminal fragment contains the Walker A motif, while the larger ~26 kDa sized C-terminal fragment contains the ABC signature, Walker B motif and the C-terminal domain. 8azido-ATP binding to the trypsin treated G144A mutant mainly yielded the labeled 9 kDa Nterminal proteolytic fragment, while the E166A mutant showed both prominent 9 and 26 kDa fragments like wt GlcV (Fig. 5 ). Since two latter proteins, i.e., wt and the E166A, dimerize upon ATP binding, we conclude that the labeled 26 kDa fragment results from the nucleotide-induced dimerization of these proteins. Except for the E166A mutant, isolated GlcV retained the ability to bind nucleotides even after harsh protease treatment. 
Discussion
Here we have studied the domain organization of an ABC ATPase, GlcV from the hyperthermoacidophile S. solfataricus using differential scanning calorimetry and trypsin digestion.
GlcV is a subunit of a binding protein dependent ABC-type glucose transport system. During the ATP hydrolysis cycle, GlcV homodimerizes in an ATP dependent manner. The thermal unfolding of GlcV showed a single transition around 72 °C that was followed by rapid precipitation of the In addition to the wild-type, we have also investigated the thermal unfolding of several GlcV mutants. These are G144A GlcV with a mutation in the ABC signature motif that does not interfere with nucleotide binding but inactivates the enzyme for nucleotide hydrolysis and dimerization (27) (Chapter 3); and E166A and E166Q GlcV with mutations of the putative catalytic base adjacent to the Walker B region thereby yielding a protein that still interacts with nucleotide, but that is defective in ATP hydrolysis while retaining the ability to dimerize upon nucleotide binding (27) (Chapter 3). The thermal unfolding characteristics of the G144A mutant were similar to that of wt GlcV, both in the absence and presence of nucleotides. This demonstrates that the mutation in the ABC signature motif does not lead to structural changes in the GlcV monomer. In contrast, the E166A and E166Q mutants showed two thermal transitions. The first thermal transition is at a T m value close to the one observed for wt GlcV and the G144A mutant, while the second T m was at a temperature 4-5 °C higher. Both T m values increased in the presence of nucleotide. The presence of the second transition indicates that these mutants have undergone a structural change. Residue E166 has been proposed to act as a catalytic base during ATP hydrolysis (150;170;198;222) . In the GlcV structure with bound AMP-PNP, the residue localizes in close vicinity to the γ-phosphate group where it may activate a water molecule for the hydrolytic attack of the β-γ bond of ATP. Mutation of the glutamate to alanine leaves an empty pocket in the Chapter 4 structure. It thus appears that the glutamate at this position slightly destabilizes the protein. E166 is located in the ABCα/β subdomain and therefore we hypothesize that the second transition corresponds to unfolding of this domain. In the wild-type, the ABCα/β and ABCα subdomains appear to unfold simultaneously. Since the E166A and E166Q mutant both show a second transition, we conclude that the presence of a carboxyl acid group destabilizes the ABCα/β domain.
This could be a critical feature of the catalytic reaction.
Structural studies on GlcV show that AMP-PNP binds in a similar mode as ADP, except for additional interactions with the three oxygen atoms on the γ-phosphate (27). Binding of AMP-PNP has been proposed to mimic ATP binding to the monomeric protein. GlcV was found to more susceptible to proteolysis by trypsin in the presence of ATP or AMP-PNP, while the protein was highly trypsin resistant in the absence of nucleotide or with ADP. Comparison of the ATP, ADP, and nucleotide-free structures of other proteins (13;151;152) showed large conformational changes in the Q loop, and a rigid body movement of lobe I toward lobe II upon binding of ATP. Only minor differences are observed between the ADP-bound and nucleotide-free states. Our trypsin cleavage data is consistent with the conformational changes observed in these structures. Thus, binding of ATP and AMP-PNP to GlcV may induce a movement of lobe I towards lobe II akin an "induced fit" thereby leading to the formation of the dimerization surface. Interestingly, trypsin cleavage was most pronounced with the monomeric G144A mutant in the presence of ATP or AMP-PNP, while the wt and E166A mutant that both are capable of dimer formation are the most resistant towards trypsin digestion.
Even after harsh protease treatment, GlcV retained the ability to bind 8-azido-[ -32 P] ATP, yielding a small labeled ~9 kDa fragment containing the Walker A motif. The Walker A motif interacts directly with the phosphate groups of the bound nucleotide (27;149-152;159;228) . Our results indicate that only the E166A mutant lost its ability to bind nucleotide after trypsin treatment.
Trypsin digestion of the wt and E166A mutant also resulted in the efficient generation of a large labeled 26 kDa fragment which contains the ABC signature motif, Walker B motif and the Cterminal domain. With the G144A mutant, only small amounts of this 26 kDa fragment were obtained. In the monomeric state, the ABC signature motif is located far away from the nucleotide bound lobe I, but it complements the nucleotide-binding site in the dimeric state. Therefore, photocrosslinking of 8-azido-ATP under conditions that GlcV dimerizes may result in the labeling of the ABC signature of C-terminal fragment. Indeed, labeling of the 26 kDa fragment is the strongest with the wild type and E166A mutant that are both capable of dimerizing. The low level of the 26 kDa fragment with the G144A mutant may thus relate to the monomeric state of this protein. We therefore conclude that the photoaffinity crosslinking approach detects the formation of the dimeric state of GlcV.
Stuctural stability and domain organization
The crystal structures of E. coli MalK show that the C-terminal domains also forms a dimer (159) The predicted structure of the GlcV dimer also suggests contacts between the two C-terminal domains as they are positioned close to each other while presenting a substantial region to the cytoplasm (13). Such stable contacts require a rather flexible linker region between the NBD and the C-terminal domain. Attempts to express a truncation of GlcV with only the NBD proved difficult as we could recover the protein only in inclusion bodies (unpublished results). Insertion of a thrombin cleavage site in the putative linker domain between the NBD and C-terminal domain resulted in a heat instable protein (unpublished results), while trypsin digestion of GlcV yielded a cleaved NBD rather than the separate NBD and C-terminal domains. It therefore appears that there are considerable interactions between the two domains which are consistent with the presumed structural role of the C-terminal domain. The DSC data indicate that GlcV thermodynamically behaves as a single domain protein wherein the N-and C-terminal domain may have considerable interaction beside the linker region. The protein shows a strong ability to retain its nucleotide binding and dimerization activities even after harsh protease treatment indicating a rigorous protein structure leading to a functionally highly stable ATPase.
Materials and methods
Cloning, expression and purification
Wild-type Sulfolobus solfataricus GlcV and the G144A, E166A, and E166Q mutants were expressed using the pET2150, pET2183, pET2187 and pET2186 plasmids as described by Verdon et al (27) . Expression and purification was performed as described previously (202).
Differential Scanning Calorimetry
Purified GlcV was dialyzed against 20 mM MES pH 6.5 and 100 mM NaCl in the presence of 5 mM MgCl 2 or 2 mM EDTA. The pH of the buffer slightly decreased from pH 6.5 to 6.2 when the temperature was raised from 20 to 60 °C.
Protein concentrations were determined spectrophotometrically using an extinction coefficient of 20,000 M -1 cm -1 , and were confirmed by determination of the protein concentration after total amino acid analysis (Eurosequence). DSC experiments were performed on a VP DSC (Microcal) using a differential scanning rate of 1 ºC/min and a protein concentration of 30 µM. Nucleotide stock solution (ATP, ADP or AMP-PNP) of 100 mM were adjusted to pH 6.5 with NaOH and diluted in dialysis buffer. The nucleotide concentration was determined spectroscopically using an extinction coefficient of 14,900 M -1 cm -1 . Where indicated, the nucleotide was added to the sample at a concentration of 600 µM either under hydrolyzing (5 mM MgCl 2 ) or non-hydrolyzing (2 mM EDTA) conditions. Before use, all solutions were degassed by gentle stirring under vacuum. The thermogram corresponding to the buffer was used as an instrumental baseline. The dependence of the molar heat capacity on temperature was analyzed using the Origin software 5.0 (Microcal). The reversibility of the DSC transitions was determined by termination of the DSC scan before the precipitation temperature and by re-heating of the solution in the calorimetric cell after cooling (1 ºC/ 60 sec).
Trypsin cleavage assay
Chapter 4
Purified wt and mutant GlcV (50 µg) was diluted in 50 µl buffer containing 20 mM MES pH 6.5, 100 mM NaCl and 5 mM MgCl 2 (binding buffer) at 20 °C. After 1 minute, 16 µg trypsin was added and the incubation was continued for 1 hour. Reactions were stopped by the addition of 16 µg trypsin inhibitor, samples were mixed with SDS sample buffer and 20 µl was loaded on 15 % SDS gel. GlcV truncates were subsequently re-purified on a red agarose column to remove trypsin and trypsin inhibitor.
For nucleotide induced enzyme stability studies purified wt and mutant GlcV (50 µg) was pre-incubated in the absence or presence of 0.5 mM nucleotides (ATP, ADP and AMP-PNP) in 50 µl buffer containing 20 mM MES pH 6.5, 100 mM NaCl and 5 mM MgCl 2 (binding buffer) at 20 °C. After 5 minutes, 16 µg trypsin was added and the incubation was continued for 1 hour. Reactions were stopped by the addition of 16 µg trypsin inhibitor, and samples were mixed with SDS sample buffer and loaded on 15 % SDS gel.
Nucleotide binding to trypsin digested GlcV was assayed by 8-Azido-ATP photoaffinity labeling. GlcV (0.3 µM) was incubated with 0.5 µM 8-azido-[ -32 P] ATP in binding buffer at 20 ˚C. After 5 minutes, samples were irradiated by UV (254 nm) for 2 min. Nucleotide bound GlcV was digested by the addition of 0.3 µM trypsin. After 30 minutes, 0.3 µM trypsin inhibitor was added and the protein was analyzed by SDS-PAGE and visualized by phosphor imaging. In another experiment, GlcV (0.3 µM) was first incubated with 0.3 µM trypsin prior to the photoaffinity labeling.
Size-exclusion chromatography
To remove residual uncleaved GlcV, red agarose purified samples were applied to Superdex 75 PC 16/60 gel filtration column. The column was equilibrated and eluted with a buffer containing 20 mM MES pH 6.5, 100 mM NaCl and 5 mM MgCl 2 . Protein elution was monitored at 254 and 280 nm. Samples were analyzed by 15 % SDS-PAGE and coomassie brilliant blue staining.
Other Methods
The trypsin cleavage fragments of GlcV were isolated from SDS PAGE and the fragments were identified by MALDI-TOF Mass spectrometry in the Biochemistry Department of the University of Groningen
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